The p21 activated kinase (Pak) family of protein kinases are involved in many cellular functions like re-organisation of the cytoskeleton, transcriptional control, cell division, and survival. These pleiotropic actions are reflected in a plethora of known interacting proteins and phosphorylation substrates. Yet, the integration of a single Pak protein into signalling pathways controlling a particular developmental process are less well studied. For two of the three known Pak proteins in Drosophila melanogaster, D-Pak and Mbt, distinct functions during eye development have been established. In this study we undertook a genetic approach to identify proteins acting in the Mbt signalling pathway during photoreceptor cell morphogenesis. The genetic screen identified the actin depolymerisation factor Twinstar/Cofilin as one target of Mbt signalling. Twinstar/Cofilin becomes phosphorylated upon activation of Mbt. However, biochemical and genetic experiments question the role of the LIM domain protein kinase (Limk) as a major link between Mbt and Twinstar/ Cofilin as it has been suggested for other PAK proteins. Constitutive activation of Mbt not only disturbs the actin cytoskeleton but also affects adherens junction organisation indicating a requirement of the protein in cell adhesion dependent processes during photoreceptor cell differentiation.
Introduction
Morphogenesis is a fundamental process during the development of a multi-cellular organism, which not only requires the specification of the various cell types, but also their assembly into complex tissues by means of cell shape changes, cell movement, sorting processes, and elimination of surplus cells. Many of these events depend on precisely controlled modulation of cell-cell or cell-extracellular matrix contacts (Gumbiner, 2005; Lecuit, 2005) .
Adherens junctions are specialized membrane structures that mediate adhesion between epithelial cells and provide a link to the actin cytoskeleton (Perez-Moreno et al., 2003) . The central component of adherens junctions is the cadherin-catenin complex. Cadherins constitute a family of transmembrane proteins that mediate Ca 2+ -dependent cell-cell adhesion. The intracellular domain of cadherin binds to b-Catenin (Drosophila: Armadillo), which in turn can associate with the actin binding protein a-Catenin. However, the prevailing dogma that cadherins at adherens junctions are linked to the actin cytoskeleton through b-Catenin and a-Catenin in a stable quaternary complex has recently been questioned by the finding that a-Catenin is associated in a mutually exclusive manner with either cadherin-b-Catenin or with actin Yamada et al., 2005) .
More recently, a role of adherens junctions as a focal point for intracellular signalling has emerged. Notably, the formation of cadherin-mediated cell contacts influences the activity of the RhoGTPases Cdc42, Rac and Rho (Braga, 2002; Jaffer and Chernoff, 2004) . These proteins function as molecular switches, cycling between an active GTP-bound conformation and an inactive, GDP-bound state. In its active form, RhoGTPases bind to a vast number of downstream effector proteins and one of the major effects is the reorganisation of the actin cytoskeleton.
A family of proteins, which are influenced by RhoGTPases in its activity and localisation, are the p21-activated kinases (Pak). Pak proteins are characterised by a C-terminal serine/threonine kinase domain and a N-terminal p21-binding domain (PBD) required for binding of Rac-or Cdc42-like RhoGTPases. Based on additional structural features, which determine the regulation of the kinase activity and the binding to other proteins, Pak proteins can be classified into two subgroups. From the six Pak proteins known in Homo sapiens (Hs), three (HsPak1-3) have been assigned to group 1, whereas HsPak4-6 belong to the group 2 (Bokoch, 2003; Hofmann et al., 2004) . Similar, the three Pak proteins found in Drosophila melanogaster can be classified as group 1 (D-Pak, D-Pak3) and group 2 (Mbt/D-Pak2) members, respectively (Mentzel and Raabe, 2005) . The role of Pak proteins as regulators of the cytoskeleton, cell morphology and cell motility is well established. Different Pak proteins can induce the formation of lamellipodia, filopodia, and membrane ruffles as well as the dissolution of stress fibers and the disassembly of focal adhesions (Bokoch, 2003; Hofmann et al., 2004) . More recently, a function of Pak proteins at the centrosomes of dividing cells has been described (Zhao et al., 2005) . Deregulation of Pak protein activity can result in oncogenic transformation (Kumar et al., 2006) . The pleiotropic functions of Pak proteins are reflected in the plethora of known interacting proteins and phosphorylation substrates (Bokoch, 2003; Kumar et al., 2006) . This obviously raises the question of differential activation of effector pathways by different Pak proteins in a cell-type specific manner.
We are using the developing Drosophila eye as a model system to study the role of the group 2 Pak protein Mbt in tissue morphogenesis. The adult eye with its 800 single eye units (ommatidia), each containing eight photoreceptor cells as well as non-neuronal cone, pigment, and bristle cells, arises from a monolayer epithelium, the eye imaginal disc. Differentiation of the different cell types of the eye is initiated in third instar larvae, when an indentation known as the morphogenetic furrow starts to move from posterior to anterior across the eye disc. Anterior to the furrow, cells continue to proliferate, posterior to it, the photoreceptor cells and lens-secreting cone cells become specified in a sequential manner through a series of inductive cell-cell interactions (Voas and Rebay, 2004; Wolff and Ready, 1993) . At pupal stage, pigment and bristle cells are added to complete the ommatidium structure and surplus cells are eliminated by programmed cell death. After recruitment and determination, photoreceptor cells undergo massive morphological changes to form the rhabdomeres, the light-sensitive structures. Rhabdomeres are apical membrane specializations. Alignment of rhabdomeres to the ommatidial optical axis is achieved by involution of the apical domains and adherens junctions into the epithelial layer followed by their massive expansion in distal-proximal direction.
Loss of function studies of the Pak proteins Mbt and D-Pak provided evidence for distinct localisation and function of these proteins during photoreceptor cell development. D-Pak is required in growth cones to control guidance of photoreceptor cell axons, whereas recruitment of Mbt to adherens junctions is dependent on a functional RhoGTPase binding site (Hing et al., 1999; Newsome et al., 2000; Schneeberger and Raabe, 2003) . In mbt mutant animals, recruitment of the photoreceptor cells appear largely normal, but their final differentiation is disturbed. The adherens junctions become highly disorganized and rhabdomeres fail to elongate properly leading to the suggestion that Mbt acts as a downstream effector of activated RhoGTPases at adherens junctions to regulate photoreceptor cell morphogenesis (Schneeberger and Raabe, 2003) . We show that activation of Mbt disturbs the co-ordinated assembly of the ommatidium structure by interfering with the actin cytoskeleton and adherens junctions. Given the multitude of potential candidate targets of Mbt, we established a genetic screen to identify components that act downstream of Mbt to control photoreceptor cell morphogenesis. This screen identified the actin depolymerisation factor Twinstar as one target of Mbt signalling. Yet, biochemical and genetic experiments question the role of LIM domain protein kinase (Limk) as a major link between Mbt and Twinstar.
Results

A genetic screen to identify components of the Mbt signalling pathway
Previous studies showed that Mbt is required for normal eye and brain development (Melzig et al., 1998) . A null allele of mbt, mbt P1 , causes a rough eye phenotype ( Fig. 1A and B) . Mutant ommatidia contain a variable number of photoreceptor cells, which have misshaped rhabdomeres ( Fig. 1D and E) . The phenotypic analysis indicated that the mbt P1 phenotype does not result from a defect in the recruitment of photoreceptor cells but from a defect of these cells to adopt their final morphology (Schneeberger and Raabe, 2003) . This can obviously also lead to a loss of the cell. In order to identify signalling components that are relevant for Mbt function during eye development, we established a genetic screen for mutations that dominantly modify the rough eye phenotype caused by mutations in mbt. The strategy was to use a hypomorphic mbt mutation that shows only a slight rough eye phenotype and to screen for second site mutations that either enhance or suppress the rough eye phenotype already in the heterozygous state. This is of importance because it was expected that at least some proteins working in Mbt signal transduction be also required by other Pak proteins. Therefore mutations in the corresponding genes are most likely homozygous lethal.
In our screen for mutations affecting the Drosophila brain structure we identified a third mbt allele, mbt P3 , which causes a weak rough eye phenotype in homozygous females and hemizygous males (Fig. 1C) . Tangential sections of the eyes uncovered mild defects in the arrangement and morphology of the rhabdomeres. In some cases, single photoreceptor cells are missing (Fig. 1F) . The P-element insertion in mbt P3 was mapped to the 5 0 untranslated region of the mbt transcription unit 265 bp upstream of the ATG translation start codon ( Fig. 2A) . To confirm that mbt P3 is indeed a hypomorphic allele, we performed Western blot analysis and immunohistochemical studies using an antiserum raised against the Mbt protein (Schneeberger and Raabe, 2003) . On Western blots of lysates from wildtype flies, a signal of 68-69 kDa was detected, which corresponds to the predicted molecular weight of the Mbt protein (Fig. 2B) . Mbt protein is absent in lysates from mbt P1 animals and markedly reduced in mbt P3 (Fig. 2B ). These results were confirmed by staining of eye imaginal discs of 3rd instar larvae. The Mbt protein localizes at adherens junctions throughout all stages of eye development (Schneeberger and Raabe, 2003) . The photoreceptor cells, which become sequentially recruited posterior to the morphogentic furrow to build up the ommatidial clusters express high levels of Mbt at adherens junctions (Fig. 2C) . In mbt P1 eye imaginal discs, no staining is observed (Fig. 2D) , whereas in mbt P3 , weak staining can be detected (Fig. 2E) . At higher laser power it became evident that the Mbt expression pattern observed in mbt P3 is very similar to the pattern seen in wild-type eye discs (Fig. 2F) . In summary, these data provided evidence that mbt P3 animals express, in terms of localization and protein size, low level of functional Mbt protein, which is barely sufficient to promote normal eye development. Thus, reducing the gene dosage of a rate limiting component acting in the Mbt signal transduction pathway should lead to suppression or enhancement of the mbt P3 rough eye phenotype.
Males from available collections of homozygous lethal P-element insertions lines (Bloomington and Szeged Drosophila Stock Centers) were crossed to mbt P3 females and the male progeny was screened for enhancement or suppression of the mbt P3 eye phenotype. Out of 2000 crosses, 11 candidate lines were identified, each of which hits a different gene. For some genes, the observed genetic interactions could be confirmed with available independent alleles. Three of the identified genes have known functions in re-organisation of the actin cytoskeleton. Mutations in the canoe gene (cno 009105 and cno 2 ) enhance the mbt P3 phenotype (Fig. 3A) . Cno encodes a PDZ domain protein, which localizes to adherens junctions during eye development (Matsuo et al., 1999) . It is the homologue of the actin binding protein AF-6/Afadin in vertebrates. Mutations in twinstar (tsr k05633 and tsr N96A ) and slingshot (ssh 1À11 and ssh 1À63 ) act as suppressors of the mbt P3 phenotype (Fig. 3B, C) . Due to the slight rough eye phenotype of mbt P3 , the suppression effect of tsr and ssh mutations is more difficult to detect. Therefore, tsr and ssh alleles were also tested in the mbt P1 null mutant background. A pronounced suppression of the mbt P1 phenotype was observed in mbt P1 /Y; tsr/+ males (Fig. 3D) . Twinstar is the Drosophila homologue of Cofilin, which mediates turnover of actin filaments by severing actin filaments and by stimulating actin subunit disassembly from the pointed ends. The activity of Cofilin is negatively regulated by phosphorylation through Limk and TES-kinases (Bamburg and Wiggan, 2002) . The slingshot gene product is a protein phosphatase, which dephosphorylates and thereby down-regulates Limk activity and at the same time up-regulates Cofilin activity by dephosphorylation thus resulting in an increase in actin filament turnover (Endo et al., 2003; Niwa et al., 2002; Soosairajah et al., 2005) .
D-Limk is not a major mediator of Mbt signalling
The genetic screen suggested that Mbt could regulate the activity of the Drosophila Cofilin homologue Twinstar. To test whether Mbt is able to induce Twinstar phosphoryla- (Reichmuth et al., 1995) to detect Sap47 as a loading control. (C) Expression of Mbt in third instar eye imaginal discs. Shown are apical to basal projection views of a region posterior to the morphogenetic furrow (left side). The eight photoreceptor cells of become stepwise recruited in a single ommatidium and show pronounced apical Mbt staining (Schneeberger and Raabe, 2003) . No staining is seen in mbt P1 (D), whereas in mbt P3 low levels of the Mbt protein are expressed (E). At higher laser power it becomes evident that the localisation pattern of Mbt in mbt P3 animals does not deviate from the wild-type pattern (F).
tion, HA-epitope tagged kinase defective Mbt (Mbt T525A , Schneeberger and Raabe, 2003) or constitutively activated Mbt were purified from transiently transfected HEK293 cells and used in in vitro kinase assays in the presence of bacterially expressed GST-Twinstar. To constitutively activate Mbt, we followed the same strategy as described for human Pak4 (Qu et al., 2001) . In this case, strong stimulation of kinase activity was achieved by simultaneous mutation of a predicted autophosphorylation site (S474) to glutamate and a serine residue at position 445 to asparagine, which should stabilize the catalytic loop. Substitution of the corresponding serine residues in Mbt (Mbt S492N,S521E ) resulted in strong autophosphorylation and GST-Twinstar phosphorylation, whereas the Mbt T525A protein lacks any kinase activity (Fig. 4A ). This indicated that activated Mbt controls phosphorylation of Twinstar directly or indirectly through activation of an associated kinase.
In vertebrates, members of both Pak subgroups, namely Pak1 and Pak4, phosphorylate and thereby activate the protein kinase Limk-1. Pak1 and Pak4 enhance the Limk catalysed phosphorylation of serine 3 of Cofilin, which is essential for down-regulation of Cofilin activity (Dan et al., 2001; Edwards et al., 1999) . Drosophila Limk (DLimk) shares characteristic features with vertebrate Limk, including two LIM-domains, a PDZ domain, and a kinase domain. A threonin residue at position 569 in D-Limk corresponds to threonin 508 in human Limk, which is a known phosphorylation site for Pak and Rock kinases. D-Limk differs from vertebrate Limk by a long C-terminal extension of about 600 amino acids with unknown function. It has also been shown that D-Limk is able to phosphorylate Twinstar (Ohashi et al., 2000) . To test whether Mbt interacts with and phosphorylates D-Limk to regulate Twinstar activity, we performed co-immunoprecipitation and in vitro kinase experiments. Due to the lack of specific antibodies that could be used for immunoprecipitation studies in flies, lysates from transgenic flies expressing Mbt and a HA-tagged version of D-Limk (HA-D-Limk, Niwa et al., 2002) under the heat-shock (hs) promotor were subjected to immunoprecipitation with an anti-HA antibody. Mbt was co-immunoprecipitated specifically with D-Limk but not from control lysates of flies expressing Mbt alone (Fig. 4B) . The interaction of both proteins was also verified by in vitro association experiments using lysates from HEK293 cells, which were transiently transfected with D-Limk and Mbt constructs (data not shown). To test whether Mbt phosphorylates D-Limk, HA-tagged (Fig. 4D) . This confirms the association D-Limk with the (Fig. 3F) indicating a co-operative function of both proteins in eye development.
In summary, the genetic and biochemical experiments support the idea that despite its binding to Mbt, D-Limk is not the major mediator in the Mbt signalling pathway. Nevertheless, D-Limk, together with Mbt, has a function during eye development, which appears to be redundant.
Mbt activation disturbs the actin cytoskeleton and adherens junctions
Our data suggested that Mbt is able to control F-actin dynamics through regulation of the F-actin-depolymerisation factor Twinstar. To test for a specific effect of Mbt on the actin cytoskleleton in the developing photoreceptor cells, we compared the phenotypic consequences of overexpression of the wild-type Mbt protein or the activated Mbt S492N,S521E protein using the Gal4/UAS system (Brand and Perrimon, 1993) . Several independent transgenic lines for both constructs were established and crossed to the neuron specific elav-Gal4 driver line. The eyes of animals over-expressing the wild-type Mbt protein either had normal size and morphology (Fig. 5A ) or showed only minor irregularities with missing bristles or misshaped ommatidia (Fig. 5B) . Also in tangential sections, only few ommatidia with irregular structure were observed (Fig. 5C ). In contrast, expression of Mbt S492N,S521E in the developing photoreceptor cells caused a severe rough eye phenotype. Depending on the transgenic line analysed, eyes with ommatidia of different size and shape are observed (Fig. 5D) , in other lines also the overall eye size is reduced and the eyes appear glazed in some parts (Fig. 5E ). The external eye phenotype reflects the disturbed ommatidial structure seen in tangential sections. Ommatidia contain a variable number of photoreceptor cells and the rhabdomeres of these cells are misshaped (Fig. 5F ). The eye phenotype became even stronger, when the GMR-Gal4 driver line was used to express Mbt S492N,S521E in all cells posterior to the morphogenetic furrow. In this case, small glazed eyes with no discernable ommatidial structure were observed (data not shown).
To determine whether and at which stage Mbt S492N,S521E influences the actin cytoskeleton, eye imaginal discs were stained at different developmental stages with rhodamineconjugated phalloidin. In addition, we used an antibody directed against the neuronal marker Elav (Robinow and White, 1991) to stain the nuclei of all eight photoreceptor cells as soon as they begin neural differentiation. This process is accompanied by migration of the nuclei to more apical positions. In wild-type eye imaginal discs of third instar larvae, F-actin accumulates at the constricted apical domains of the photoreceptor cells (Fig. 6A ). Elav-positive photoreceptor cells arise in a defined sequence (Fig. 6B , Tomlinson and Ready, 1987) . At pupal stage, photoreceptor cells undergo morphological changes to adopt their final structure (Wolff and Ready, 1993) . The F-actin rich apical domains of the photoreceptor cells involute to point to the centre of the ommatidium and elongate in proximal-distal direction to form the rhabdomeres (Fig. 6C ). Phalloidin staining also outlines the surrounding pigment and bristle cells (Fig. 6C) . Expression of the wild-type Mbt construct in the photoreceptor cells with the elav-Gal4 driver did not cause any significant changes in F-actin organisation or neuronal differentiation ( Fig. 6D-F) . We noticed that many eye discs bulged around the equator, which had no effect on the final eye morphology. In contrast to the severe eye defects seen in the adult, expression of the activated Mbt S492N,S521E protein in photoreceptor cells had rather mild effects on F-actin before pupal stage (Fig. 6G) . F-actin staining appears to be more irregular. Occasionally, the spacing of the developing ommatidial clusters is disturbed or the apical F-actin cluster in each ommatidium splits into separate clusters. Anti-Elav staining revealed that the nuclei of many photoreceptor cells that normally lie in the apical region now occupy various positions along the apical-basal axis, thereby disturbing the highly regular arrangement seen in wild-type eye discs (Fig. 6H) . At pupal stage, the ommatidial structure is completely disturbed. Instead of the central F-actin rich core in each ommatidium, several large aggregates of F-actin can be seen in many cases. The size and shape as well as the localisation of these actin clusters along the proximal-distal axis are highly variable (Fig. 6I) . In summary, our data show that the activated Mbt S492N,S521E protein interferes with the actin cytoskeleton during photoreceptor cells morphogenesis.
In order to find out whether activation of Mbt also disturbs the organisation of adherens junctions, DE-Cadherin staining of pupal eye imaginal discs were performed. The DE-Cadherin staining pattern in wild-type animals reflects the complex arrangement of adherens junctions in the pupal eye (Fig. 7A-C , Longley and Ready, 1995; Wolff and Ready, 1993) . With a few exceptions, which correlate to the weak phenotypes seen in adult eyes (Fig. 5B, C) , the pattern remains unchanged upon elav-Gal4 driven expression of wild-type Mbt (Fig. 7D-F) . In some cases, the arrangement of adherens junctions of the photoreceptor cells (Fig. 7D ) and the regular spacing of bristle cells is disturbed (Fig. 7D and E) . Despite neuronal expression of transgenic Mbt, we also observed few ommatidia with additional or missing cone cells (Fig. 7D) . DE-Cadherin staining of eye imaginal discs expressing the activated Mbt S492N,S521E protein uncovered multiple defects. The number and arrangement of photoreceptor, cone, pigment and bristle cells are disturbed ( Fig. 7G and H) . At the proximal side, rod-like clusters of DE-Cadherin of unknown origin appear (Fig. 7I) . The phenotypes indicate that neuronal expression of activated Mbt protein interferes with adherens junction mediated cell-cell adhesion. In this way, processes like motility, sorting or survival of all retinal cells can be disturbed, which are dependent on the integrity of adherens junctions (Grzeschik and Knust, 2005; Hayashi and Carthew, 2004; Mirkovic and Mlodzik, 2006) .
Discussion
The view of adherens junctions as static structures that maintain epithelial integrity appears to be at odds with the requirement of dynamic cell shape changes during development. The assembly of the ommaditia of the Drosophila eye from an initially unpatterned epithelium provides an example. Photoreceptor cells become specified during third larval instar, but their final morphology is established at pupal stage. Simultaneously, the non-neuronal cone, pigment, and bristle cells must form a precise cell lattice that requires cell shape changes, movements and elimination of surplus cells. In spite of these dynamic processes, the integrity of adherens junctions as a basic feature of epithelia cells has to be maintained throughout eye development. The prevailing view that E-Cadherin is stably linked via b-Catenin and aCatenin to the actin cytoskeleton has recently been questioned. It was shown that monomeric a-Catenin binds to E-Cadherin/b-Catenin, whereas dimeric a-Catenin does not and instead binds with high affinity to actin to influence Arp2/3-mediated actin polymerisation Yamada et al., 2005) . If it is not a-Catenin that provides a physical link between adherens junctions and the actin cytoskeleton, what other proteins could mediate such a link?
In this report, genetic and biochemical evidence is presented that the Pak protein Mbt, which localizes in a RhoGTPase dependent manner to adherens junctions, could provide a link to the actin cytoskeleton during photoreceptor cell morphogenesis. Constitutive activation of Mbt in photoreceptor cells causes clustering of F-actin, which finally leads to complete disruption of the adult eye morphology. In addition, the positioning of nuclei at apical levels is disturbed. Our finding that mutations in twinstar and slingshot act as modifiers of the eye phenotype of a hypomorphic mbt allele suggest that these proteins Fig. 6 . Effect of Mbt activation on the actin cytoskeleton. Shown are apical to basal projection views of 3rd instar eye imaginal discs stained with rhodamine-phalloidin (first row) or an anti-Elav antibody (middle row) and proximal to distal views of eye discs at 40% pupal development (p.d.) stained with rhodamine-phalloidin (last row). In the wild-type, F-actin accumulates apical in the developing photoreceptor cells (A). They also start to express the neuronal marker Elav in the nuclei upon their sequential recruitment into the ommatidial clusters (B). In pupal eye discs, F-actin remains localized at apical membranes, which now point to the center of the ommatidium and start to elongate in proximal-distal direction (C). F-actin staining also outlines the surrounding cone, pigment and bristle cells. Ectopic expression of the UAS:mbt (T67) transgene in photoreceptor cells with the elav-Gal4 driver line does not change the F-actin pattern (D, F) or neuronal differentiation (E) in transheterozygous animals. In elav-Gal4/+; UAS:mbt S492N,S521E (DM8b)/+ animals, severe defects in F-actin organisation are observed primarily at pupal stage (I). Also, the localisation of the photoreceptor cell nuclei at apical levels is disturbed (H).
work together to control photoreceptor cell morphogenesis. Additional evidence comes from the phenotypic analysis of the corresponding mutants. In twinstar mutants, elevated levels of F-actin, disruption of the ommatidial architecture and misshapen rhabdomeres are observed (Delalle et al., 2005) . Loss of Slingshot function results in increased F-actin levels and defects in the apical movement of photoreceptor cell nuclei (Rogers et al., 2005) . So far, we have no evidence for a direct interaction between Slingshot and Mbt. In vertebrates, Pak4 inactivates Slingshot and activates Limk by phosphorylation. Slingshot plays a dual role. It dephosphorylates and thereby down-regulates the activity of Limk to phosphorylate Cofilin at serine 3 and it directly dephosphorylates Cofilin at serine 3 (Soosairajah et al., 2005) . Thus Pak4 activation results in a decrease of Cofilin activity and actin filament turnover. A major role of D-Limk in Mbt signalling is questioned by our biochemical and genetic experiments. We found that activated Mbt is able to induce Twinstar phosphorylation. However, despite binding and phosphorylation of D-Limk by activated Mbt, we did not see a strong increase of D-Limk activity. Furthermore, genetic experiments with a recently identified null mutation in D-Limk (Ang et al., 2006) show that Mbt signalling is not completely blocked in the (Chen and Macara, 2006) . Interestingly, the Drosophila Par3 homologue Bazooka localizes to and is required for maintenance of adherens junctions during photoreceptor cell morphogenesis (Nam and Choi, 2003) . It is also evident that regulation of Twinstar activity by Pak proteins is not restricted to eye development. Mutations in twinstar lead to proliferation defects of central brain neuroblasts and the neurons derived from these neuroblasts show axon growth defects (Ng and Luo, 2004) . In this study, genetic evidence was presented that Twinstar function in axon growth is activated by Slingshot and inhibited by D-Limk, which in turn is regulated by DPak and Rock-kinases. In vertebrates, Limk and Slingshot control growth cone motility and morphology via Cofilin phosphorylation (Endo et al., 2003) . Knock-out of Limk in mice leads to changes in Cofilin phosphorylation and the actin cytoskeleton resulting in abnormalities in spine morphology and in synaptic function (Meng et al., 2002) . A dominant-negative version of mouse Pak1 causes changes in spine number and synaptic morphology . Thus, different Pak proteins might not only act as general regulators of Cofilin activity, but they could also provide spatial and temporal control even in a single cell.
In addition to the role in re-organisation of the actin cytoskeleton, our overexpression experiments indicate that Mbt is also able to influence the adhesive properties of cells. Differential adhesion is crucial to establish the final retinal pattern. It has been demonstrated that an apical protein complex consisting of Crumbs, Stardust, and DPATJ controls assembly of adherens junctions and is essential for rhabdomere maintenance (Izaddoost et al., 2002; Nam and Choi, 2006; Pellikka et al., 2002; Richard et al., 2006) . Differential adhesion, by expression of DECadherin alone or together with DN-Cadherin has been suggested as a mechanism that controls cell shape changes. Expression of DN-Cadherin in cone cells -in addition to DE-Cadherin, which is expressed in all cells in an ommatidium -confers on them specific adhesion properties in order to adopt a cell shape that minimizes surface contacts with surrounding cells (Hayashi and Carthew, 2004) . Integration of other proteins into the adhesive complex could be another mechanism to modify adhesive contacts. Hibris and IrreC/rst, transmembrane proteins of the immunoglobulin superfamily, become integrated into the adhesion complex and form an intercellular link only at the interface between the presumptive primary pigment cells and secondary/tertiary pigment cells to control proper cell sorting during pupal eye development. Interference with DE-Cadherin function blocks proper localisation of IrreC/rst and results in cell sorting and survival defects (Bao and Cagan, 2005; Grzeschik and Knust, 2005) . It is therefore conceivable that neuronal expression of activated Mbt influences DE-Cadherin-mediated cell adhesion of photoreceptor and bristle cells with the surrounding pigment and cone cells. In this way, motility, sorting or survival of all retinal cells can be affected. Evidence for a function of other group 2 PAK proteins in regulation of cell adhesion comes from studies with human PAK4 and Xenopus X-Pak5. Expression of an activated version of human Pak4 leads to anchorage-independent growth of fibroblasts (Qu et al., 2001) . X-Pak5 is expressed in regions of the embryo that undergo extensive cell movements during gastrulation. It was shown that X-Pak5 localises to cell-cell junctions and regulates in a calcium-dependent manner cell-cell adhesion. An activated version of X-Pak5 decreased cell adhesiveness, while kinase-dead X-Pak5 increased adhesion (Faure et al., 2005) . However, in all cases the molecular targets of the PAK proteins to exert these effects remain to be identified.
Experimental procedures
Genetics
Flies were raised at 25°C on standard cornmeal food. The isolation of the mbt P1 allele was described previously (Melzig et al., 1998) . Mbt P3 was identified in the same histological screen for viable structural brain mutants on the X-chromosome. Collections of stocks bearing P[lacW] element insertions on the 2nd or 3rd chromosome were obtained from the Szeged and Bloomington stock centres (Deak et al., 1997; Spradling et al., 1999) . Mbt P3 females were crossed to males carrying P[lacW] element insertions and the male progeny was analysed for enhancement or suppression of mbt P3 eye phenotype. For selected lines, the genetic interaction was verified by precise excision of the P[lacW] element using the P[ry + , D2-3] transposase and by independent mutant alleles. The P-element insertion in cno 009105 localizes 433 bp downstream of the first exon of the cno gene, ssh [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , ssh 1-63 (Niwa et al., 2002) and tsr N96A (Ng and Luo, 2004) are null alleles generated by imprecise P-element excision. The Limk 2 mutation is described in Ang et al. (2006) Niwa et al. (2002) . Transgenes were expressed using the Gal4-UAS system (Brand and Perrimon, 1993) with the P[elav-Gal4] or P[heat-shock-promotor (hs)-Gal4] driver lines.
Molecular biology
The P-element insertion sites of the different P[lacW] element lines isolated in the genetic screen and of mbt P3 were determined by inverse PCR. Briefly, genomic DNA of 30 flies was isolated according to the DNeasy Tissue kit protocol (Qiagen), digested with different restriction enzymes, precipitated and self-ligated overnight. After inverse PCR reaction with P-element specific primers, the PCR product was purified using the PCR purification kit (Qiagen) and sequenced. A cDNA clone encoding D-Limk was obtained from the Berkeley Drosophila Genome Project (Stapleton et al., 2002) and used as a template to amplify and subclone the D-Limk open reading frame as a XbaI-Bsp120I fragment into a pcDNA3 vector (Invitrogen) 3 0 to a 6· Myc epitope sequence. The plasmids used for expression of HA-tagged Mbt or Mbt T525A in HEK293 cells have been described (Schneeberger and Raabe, 2003) . To generate an activated ver-sion of Mbt, the following oligonucleotides were used to change the codons of serine 492 to asparagine and of serine 521 to glutamate by the QuickChangeä site-directed mutagenesis kit (Stratagene): 5 0 CAT CAAGTCGGACAACATTCTGCTGG for S492N, 5 0 GAAGCGCAAG GAGCTGGTTGG for S521E. The open reading frame was then cloned as an EcoRI/ApaI fragment into pcDNA3-HA1 vector (Invitrogen). For generation of transgenic flies, the corresponding mbt constructs were cloned as Asp718/NotI fragments into the pUAST vector (Brand and Perrimon, 1993) . The open reading frame of Twinstar was amplified by PCR from plasmid pQE60D (a gift from K. Ohashi) and cloned as an EcoRI-XhoI fragment into pGEX-KG. All constructs were verified by sequencing.
Expression and purification of GST-Twinstar
Drosophila Twinstar was expressed as a GST fusion protein in BL21 Starä (DE3) (Stratagene). Bacteria were grown to an optical density of 0.6 at 600 nm and protein expression was induced with IPTG (f.c. 0.8 mM). After 4 h at 30°C, cells were lysed by sonification in TPE (1·PBS, 1% Triton X-100, 100 mM EDTA) in the presence of protease inhibitors. The supernatant was passed over a PolyPrep-column (BioRad) loaded with glutathione-agarose beads (Pharmacia) and washed in wash buffer (50 mM Tris [pH 7.5], 100 mM EDTA, 0.1% Tween 20). GSTTwinstar was eluted with 50 mM Tris [pH 7.5], 10 mM glutathione, 150 mM NaCl and dialysed against 20 mM Hepes [pH 7.4], 20 mM MgCl 2 , 150 mM NaCl.
Immunoprecipitation and Western blot analysis
To induce expression of the P[UAS:mbt] and P[UAS:HA-D-Limk] transgenes by the P[hs-Gal4] driver, flies were given a 37°C heat-shock for 1 h and were subsequently kept at room temperature for additional 5 h prior to homogenisation in lysis buffer (25 mM Tris [pH 7.5], 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 10% glycerol, 0.1% NP-40, 5 lg/ml antipain, 1 lg/ml aprotinin, 0.5 lg/ml leupeptin, 0.7 lg/ml pepstatin, 100 lg/ml PMSF). Total protein concentrations were determined by Bradford assay. For immunoprecipitiations, lysates (1.5 mg) were pre-cleaned with 10 ll G-protein agarose (Roche) and then mixed overnight at 4°C with 30 ll G-protein agarose and 5 ll monoclonal anti-HA antibody (Santa Cruz). Immunoprecipitated proteins were washed three times in lysis buffer, separated by SDS-PAGE and analysed by immunoblotting.
In vitro kinase assays
HA-Mbt constructs and Myc-D-Limk were transiently transfected into human embryonic kidney (HEK) 293 cells according to the manufacturer's protocol (PolyFect Transfection Reagent, Qiagen). After 48 h cells were harvested in 1·PBS and lysed for 40 min at 4°C in lysis buffer. Immunoprecipitations were done with 300 lg of total cell lysate as described above using G-protein agarose and either a monoclonal anti-HA antibody (Santa Cruz) or a monoclonal anti-Myc antibody (Santa Cruz). Immunoprecipitates were incubated for 30 min at 30°C in kinase buffer (20 mM Hepes [pH 7.4], 20 mM MgCl 2 , 20 mM PNPP, 10 mM b-glycerol phosphate, 2 mM DTT, 1 mM Na 3 VO 4 ) containing 5 lCi of [c-32 P] ATP (3000 Ci/mmol). To test for phosphorylation of Twinstar, 50 lg of GST-Twinstar were added to the reaction mixture. Reactions were terminated with SDS-PAGE loading buffer, followed by SDS-PAGE and autoradiography.
Immunohistochemistry, histology and microscopy
Eye imaginal discs from late 3rd instar larvae or pupae (40% of pupal development) were dissected in PBS and fixed in 4% paraformaldehyde/ PBS for 20 min on ice. After blocking in PBT (PBS supplemented with 0.3% Triton)/3% normal goat serum, eye discs were incubated with purified anti-Mbt antiserum (Schneeberger and Raabe, 2003) or rat anti-Elav (1:100) and rat anti-DE-Cadherin (1:200) antibodies (both from the Developmental Studies Hybridoma Bank), followed by washing in PBT and incubation with Cy3 conjugated secondary antibodies (Dianova). F-actin was visualized by incubation of eye discs with rhodamineconjugated phalloidin (1:50, Molecular Probes). Eye discs were mounted in Vectashield and analysed with a Leica TCS laser confocal microscope. Images were processed with the Amira software (Mercury Computer Systems).
For histological eye sections, heads were fixed in OsO 4 as described previously (Basler et al., 1991) and embedded in EPON. Eye sections (1 lm) were stained with toluidine blue/borax solution and analysed with a Leica DM microscope. For scanning electron microscopy, adult flies were in fixed in 6.25% glutardialdehyde over-night, end-point dried and coated with palladium/gold.
